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Abstract
Precooling has been questioned as a suitable step in the process of beef carcass cooling.
Model-based optimization was performed to identify optimum operating conditions for different
heavy-muscled beef carcass cooling practices in slaughterhouses with both precooling and
cooling stages. The study was conducted using a validated computational fluid dynamics model
of the beef carcass cooling process. The precooling practice was optimized based on a weighted
impact function taking into account energy consumption, weight loss, cooling time, and heat
shortening duration. The values of these output variables were dependent on air temperature,
air velocity, and precooling time. The results clearly show the benefit of using a precooling unit
that operates with an optimum precooling time, cooling air temperature, and velocity. Using a
weighted impact function of energy cost and quality, a precooling time of 4 hr using −30C but
low air velocity (0.58 m s−1) appeared more beneficial than precooling using high airflow fans
with high energy consumption. The eventual optimum operation conditions depend on the
impact variable that the operator wants to minimize and is a trade-off between adverse effects
on energy use and meat quality.
Practical applications
The comprehensive computational fluid dynamics model can be applied to optimize the opera-
tion and design of carcass precooling system. Carcass cooling system operators can make a
choice of the impact variable they want to minimize and use the approach to determine the
optimum operating condition of the cooling system. The approach can be applied to develop
carcass cooling procedure that could potentially minimize the energy consumption and maxi-
mize the quality of the carcass.
1 | INTRODUCTION
Cooling of beef carcasses after slaughtering is an important process to
maintain the safety and quality of beef (Cepeda, Weller, Negahban, Sub-
biah, & Thippareddi, 2013; Hamoen, Vollebregt, & Van Der Sman, 2013;
Jacob & Hopkins, 2014; Kuffi et al., 2016, 2017). Cold air blast cooling is
the most commonly used method of beef carcass cooling and the cooling
characteristics depend on the cooling air temperature, velocity, relative
humidity, and carcass characteristics (geometry, thermophysical properties,
rate of biochemical reactions, and orientation relative to the airflow direc-
tion; Kuffi et al., 2016; Mirade, Kondjoyan, & Daudin, 2002; Mirade &
Picgirard, 2006; Pham, Trujillo, & McPhail, 2009a; Trujillo & Pham, 2006;
van derWal, Engel, van Beek, & Veerkamp, 1995). Suboptimal operation of
such cold air cooling of beef carcasses may cause excessive moisture loss,
microbial growth, quality deterioration, and high energy consumption
(Jacob&Hopkins, 2014).
Cooling air velocity and temperature are two of the most impor-
tant parameters that control the cooling rate of beef carcasses. Mirade
and Picgirard (2001, 2006) and Mirade et al. (2002) studied the airflow
pattern inside industrial carcass coolers and found a heterogeneous*Mulugeta A. Delele and Kumsa D. Kuffi are joint first authors.
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air flow distribution. The rate of cooling of the carcass affects also the
moisture loss rate. It has been reported that the cost of carcass weight
loss is more than the cooling energy cost (Gigiel & Collett, 1989). High
carcass cooling rates decrease weight loss as the surface temperature
quickly approaches the cooling air temperature, which consequently
reduces driving forces for evaporation (Jacob & Hopkins, 2014).
Aalhus, Robertson, Dugan, and Best (2002) reported a twofold
decrease in weight loss when the cooling air temperature was
decreased from −20 to −35C. To attain such a fast drop in surface
temperature, modern slaughterhouses are equipped with a precooling
tunnel where a part of the heat load is removed while the sides move
from the slaughter floor to the cool stores (Brown & James, 1992).
The cooling time in this precooling stage is relatively short as it would
otherwise require long tunnels. Such precooling systems usually are
equipped with high air velocity fans. This inevitably increases energy
use due to the power consumption of the fans.
In case of big carcasses, such as those of Belgian Blue bulls with an
eviscerated carcass weight of >500 kg (Fiems, De Campeneere, Van
Caelenbergh, De Boever, & Vanacker, 2003), it could be questioned
whether the short precooling assists the required temperature drop to
avoid muscle shortening (Kuffi et al., 2017). Unless it is properly controlled,
it has been reported that both high and low cooling rates have adverse
effects on the quality of beef carcasses,which is associated to cold and heat
shortening, respectively (Thompson, 2002). Cold and heat shortenings are
the toughening of the beef muscles as a result of suboptimal beef pH and
temperature combinations. According to Thompson (2002), cold shorten-
ing of beef muscle occurs when the beef temperature is less than 12C
while the pH is greater than 6, whereas heat shortening occurs when the
temperature of the beef is greater than 35Cwhile the pH is less than 6.
The adverse effects that are commonly observed during beef carcass
cooling are attributed to suboptimal process conditions. Experimental
investigation of the optimum process parameters is often time-
consuming and difficult. A comprehensive computational fluid dynamics
(CFD) model of the beef carcass cooling process assists in identifying the
optimum process conditions (Kuffi et al., 2016; Mallikarjunan & Mittal,
1994; Mirade et al., 2002; Mirade & Picgirard, 2001, 2006; Pham et al.,
2009a; Trujillo & Pham, 2006). Most of these models mainly predicted
the airflow and cooling characteristics for particular applications. Mal-
likarjunan and Mittal (1994) developed a two-dimensional (2D) heat and
mass transfer model of the beef carcass cooling process by dividing the
carcass into five zones (round, sirloin, loin, rib, and chuck), the cross-
sectional structure within a zone was assumed uniform. Mallikarjunan
andMittal (1995) used a validated 2Dmodel to optimize the cooling tem-
perature and time for a longissimus dorsi muscle without causing meat
quality deterioration for constant air velocity and relative humidity.
Mirade and Picgirard (2006) applied a validated three-dimensional
(3D) CFDmodel to improve the airflow uniformity inside a carcass cooler
by designing low cost air deflectors. Recently, Kuffi et al. (2016) and
Hamoen et al. (2013) proposedmore comprehensivemodels that coupled
the internal heat transfer to the biochemical kinetics underlying quality
change. In addition to airflow, temperature and moisture transport, the
model was capable of predicting the change of pH of the carcass during
the cooling process. Suchmodel allows to combine energy, weight loss, as
well as quality aspects into the optimization study of carcass cooling.
Slaughterhouse operators may focus on different output variables
during the optimization of the carcass cooling process. Depending on the
importance of each variable, the optimum operation condition may vary
during the cooling process. The optimum operating condition was
assumed as the condition that produces maximum quality with minimum
cooling power consumption. Various factors such as production capacity,
food safety and quality, economic viability, and others determine how the
slaughterhouse operator should control andmanipulate the variables that
have direct or indirect effect on those factors. Slaughterhouse operators
working in a high demand contextmaymainly focus on production capac-
ity rather than other factors. Slaughterhouse operators working on a
highly competitivemarketmay focusmore on quality. In general, the opti-
mum operation condition for slaughterhouse operators depends on the
nature of the output variable they want to give weight on. The optimiza-
tion can be conducted using weighted impact functions that are devel-
oped using linear combinations of the weight values (Chiandussi,
Codegone, Ferrero, &Varesio, 2012).
The objective of this studywas to identify the optimumworking con-
ditions during beef carcass precooling using a model-based optimization
of the beef carcass cooling process with the validated 3D CFD model of
Kuffi et al. (2016, 2017). Different objectiveswere compared:
• Equal balancing of the demands of energy consumption, quality
and cooling time
• Minimizing energy consumption of cooling
• Minimizing quality loss (weight loss and heat shortening)
• Minimizing cooling time
The study considered a two-stage cooling process, combining
precooling in a blast cooler followed by cooling to a final core temperature
of 7C as in a conventional industrial cooler. The optimization variables
considered are air velocity, air temperature, and duration of the precooling
stage. The objective functions were described using weighted impact
functions and minimization. As a constraint, balanced weight values were
chosen so that the total sum of the values was fixed to 1. Equal balancing
is when equal weight valueswere given to all output values.
2 | MATERIALS AND METHODS
2.1 | Beef carcass
For this study, one Belgian Blue bull carcass side with thick muscle and
large flesh coverage, 2.9 m long, 302.5 kg, and perimeter at the thickest
part of the hindquarter 1.5 m (with amaximum thickness of approximately
0.36 m)was considered. This carcass is classified in the conformation class
“S” and fat class “2” according to the SEUROP beef carcass classification
system. In common practice, animals are stunned by captive bolt, shackled,
and bled immediately, dehided, eviscerated, split, and then, 1–2 hr after
slaughtering, cooling starts. In conventional systems without precooling,
cooling to 7Chindquarter core temperaturemay takemore than 50 hr.
To get the explicit geometrical structure of the beef carcass side, a
laser scanning experiment was conducted using a high-resolution 3D
laser scan system (K-Scan, Nikon Metrology, Belgium). The scanner gen-
erated 3D data points that were used to generate the surface of the
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carcass using reverse engineering (Kuffi et al., 2016). The scanned surface
was used to create a 3D geometrical model of the beef carcass (Figure 1).
This generated 3D model of the beef carcass was used in the develop-
ment of the CFDmodel for the carcass precooling process.
2.2 | CFD model formulation
The study applied a previously validated CFD model of beef carcass
cooling in an industrial slaughterhouse that was developed by Kuffi
et al. (2016). The model was solved using the commercial CFD soft-
ware ANSYS-CFX (ANSYS, Canonsburg, PA).
2.2.1 | Governing equations
The cooling air side was solved using the commonly used Reynolds-
averaged Navier–Stokes equations that are based on the general conser-
vation laws for continuity, momentum, energy, and species transport
combinedwith an appropriate turbulence closuremodel (Versteeg&Mal-
alasekera, 2007).
During the cooling of beef carcasses, it was assumed that heat trans-
port inside the carcass is by conduction and mass transport is only at the
surface. By neglecting the effect of freezing, the carcass has temperature
independent uniform isotropic thermal properties. Due to the relatively
short exposure time to air temperature below0Cand very limited penetra-
tion depth of the freezing zone, the effect of freezing on thermal properties
of the beefwas assumedminimal and neglected. For instance, the predicted
depth of the freezing thickness at the end of the 6 hr precooling time using
cooling air velocity and temperature of 0.58 m s−1 and−30C, respectively,
was 9mm. It has been reported that the initial freezing temperature of beef
is in the range of −0.9 to −1.5C (Farouk, Kemp, Cartwright, & North,
2013). However, it is known that freezing affects the thermal properties of
the carcass and taking into account the effect of freezing could improve the
accuracy of themodel prediction. Particularly, the thin areas of the carcases
(such as longissimus dorsi) are highly susceptible to freezing. Heat is gener-
ated inside the carcass side due to enzymatic reactions (Kuffi et al., 2017).
The energy balance inside the carcass then becomes:
ρccpc
∂T
∂t
=r λcrTð Þ+ rΔHATP d G½ dt ð1Þ
where ρc (kg m
−3), cpc (J kg
−1C−1), T (C), λc (W m
−1C−1), and t (s) are car-
cass density, heat capacity, temperature, thermal conductivity, and time,
respectively. The term d [G]/dt (mol m−3 s−1), r is constant (1.25) and
ΔHATP (J per mol of ATP hydrolyzed) are the glucose conversion rate and
enthalpy change during ATP hydrolysis, respectively. More details about
the determination of the glucose conversion rate and the energy source
can be found in Kuffi et al. (2016, 2017). The glucose conversion rate, d
[G]/dt, in postmortem muscle was expressed in the form of a rate limiting
model using a Michaelis–Menten equation, where the constant values in
the equation were fitted based on pH–temperature–time data obtained
from59Belgian Blue beef carcasses as explained in Kuffi et al. (2017).
d G½ 
dt
= -
Vmax,ref G½ exp EaR 1Tref - 1T
  
Km + G½ ð Þ 1+ H
+½ 
Ka
 3 ! ð2Þ
where [G] (mol m−3) is the unconverted glucose concentration,
Vmax,ref (mol m
−3 s−1) is the maximum conversion rate of the reaction
at reference temperature, Tref (C), equal to 37C, T is the temperature
(C), Km (mol m
−3) the Michaelis–Menten constant, Ka (mol m
−3) is the
acid dissociation constant and [H+] is the hydrogen ion concentration.
At the air-carcass interface, it is known that there is an exchange of
heat and moisture (Pham, Trujillo, & McPhail, 2009b; Trujillo & Pham,
2006). Themechanisms of heat transfer are convection, evaporation, and
radiation. Heat exchange by convection takes place due to the difference
in temperature between the carcass surface and air temperature near the
surface:
qconv = hh Ts−Tað Þ ð3Þ
where hh is the local surface heat transfer coefficient (W m
−2C−1), Ts
is the carcass surface temperature (C), and Ta is the cooling air tem-
perature (C). hh was calculated using CFD simulations from the sur-
face heat flux by setting the carcass surface temperature constant.
More details about the calculation procedure of hh can be found from
Datta (2002) and Kuffi et al. (2016). The procedure solves the air flow
and boundary layers around the carcass to obtain local heat fluxes.
As the surface of the carcass is wet, evaporation occurs due to a
difference in water vapor pressure between carcass surface and
cooling air. Evaporation accelerates heat transfer during chilling due
to the energy required for this evaporation (Kuitche, Daudin, &
Letang, 1996). Thus the heat flux removed from the carcass by evapo-
ration was calculated by:
qevap = hm Cs-Cað ÞLv ð4Þ
where hm (m s
−1) is the convective mass transfer coefficient and Cs
and Ca (kg m
−3) are the moisture concentrations on the carcass
FIGURE 1 Scanned geometry of the beef carcass that shows three-
dimensional (3D) point cloud (left) and constructed 3D geometry
(right)
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surface and in the approaching air, respectively. Lv (J kg
−1) is latent
heat of evaporation for water. The value hm was obtained from hh by
applying the Lewis analogy (Kondjoyan & Daudin, 1993). Water vapor
was assumed as ideal gas, its concentration in the approaching air was
determined using an ideal gas law equation. The water vapor concen-
tration on the carcass surface was determined using:
Cs =
awPws
RvTs
ð5Þ
where Ts is the surface temperature of the carcass (C), Pws is saturation
vapor pressure of pure water at the carcass surface temperature, aw is
water activity of the carcass, and Rv is the specific gas constant for water
vapor (J kg−1C−1). Water activity can be determined from the moisture
content of the carcass surface (Lovatt & Hill, 1998; Trujillo & Pham,
2006). Lovatt and Hill (1998) measured the surface water acivity during
meat cooling and reported a value in the range of 0.88–0.94. In this study,
a constant water activity of 0.91 was assumed. The same constant value
was used by the validated model of Kuffi et al. (2016) that was applied in
this study, there was a very good agreement between the measured and
predicted results. Themodel did not separately treated the cut bones and
surface regions, the moisture loss from these regions could be different
from the intact carcass. It has been reported that Belgian Blue bulls con-
tain relatively large leanmuscle (as high as 85%;Coopman, VanZeveren, &
De Smet, 2004) and assuming a constant water activity is a reasonable
assumption.
Similarly, due to the difference in temperature between the car-
cass surface and the wall temperature of the rooms in the cold chain,
radiation heat transfer is another heat transfer mechanism contribut-
ing to the cooling of beef carcass (Trujillo & Pham, 2006):
qrad = σε Ts
4−Tw
4  ð6Þ
where Ts (C) and Tw (C) are carcass surface temperature and wall
temperature, respectively. The temperature of the walls in the cool
room is assumed to be equal to the air temperature. σ and ε are the
Stefan-Boltzmann constant (5.67 × 10−8 W m−2C−4) and the radia-
tion emissivity of the carcass surface, respectively. The surface emis-
sivity was taken as 0.78 (Fellows, 2000). The radiation model was
simplified by neglecting the radiation exchange between the car-
casses. It has been reported that the effect of radiation on carcass
cooling is negligible compared to the effect of convection, conduction,
and evaporation (Jacob & Hopkins, 2014; Levy, 1986). Pham, Trujillo,
Davey, and McPhail (2009a) analyzed the effect of radiation in carcass
cooling by ignoring the radiation for a closely packed cooler. The
study reported cooling time reduction of 9% as a result of the radia-
tion, which was significant and a radiation model that includes the
radiation heat transfer between the carcasses could improve the accu-
racy of the model prediction.
Hence the conservation of energy at the carcass surface
becomes:
−λcrTn= qconv + qevap + qrad ð7Þ
with qconv, qevap, and qrad (W m
−2) the heat fluxes due to convection,
evaporation, and radiation, respectively. n is the unit outward normal.
During beef carcass cooling, the moisture flux varies with time.
The instantaneous value is expressed by Equation (8):
dM
dt
=
ð ð
A
hm cs−ca
 
dA ð8Þ
whereM is the mass (kg) and A (m2) is the surface area of the beef car-
cass side. A cumulative weight loss ΔM (kg) due to evaporation for a
given time duration t is then estimated by numerical integration of
Equation (8):
ΔM=
ðt
0
ð ð
A
hm cs−ca
 
dAdt ð9Þ
where t (s) is the cooling time.
2.2.2 | Computational domain, initial and boundary
conditions
The model consists of three consecutive stages of the beef carcass
cooling process that includes slaughter floor, precooling, and cooling
stages.
Slaughter floor
During the operations on the slaughter floor heat and mass transfer to
the slaughter floor environment by natural convection, evaporation,
and radiation occur while heat generation due to enzymatic reaction
takes place within the muscle. The balance between the heat loss and
heat production creates large variation in temperature distribution
within the carcass (Kuffi et al., 2016). For the cooling and reaction
kinetics simulation on the slaughter floor, the following boundary and
initial conditions were used: air temperature of 15C, air relative
humidity of 70%, surface water activity of 1, uniform surface heat
transfer coefficient of 6 W m−2C−1, initial uniform body temperature
of 40C, initial glucose concentration of 82 mol m−3 (Immonen,
Kauffman, Schaefer, & Puolanne, 2000), and initial pH of 7.2. Based
on these conditions, a 2 hr simulation of internal heat transfer pro-
vided the initial conditions for the precooling stage.
Precooling
After 2 hr of operations on the slaughter floor, carcasses are trans-
ferred into the precooler tunnel where they are cooled by means of
forced convection. In the precooler, the direction of air flow is usually
vertically downward from fans above the carcasses. The computa-
tional domain and boundary conditions for the CFD simulations are
shown in Figure 2. The velocity and temperature of the precooling air
was adjusted to 0.58, 5 and 10 m s−1; and 0, −15 and −30C, respec-
tively. To check the validity of the model for broader operating condi-
tion, the study used larger air velocity range (e.g., air velocity of
10 m s−1 is larger than the commonly used values). For each of
precooling air velocity and temperature combinations, precooling time
durations of 2, 4, and 6 hr were assessed for its performance in terms
of power consumption, weight loss, cooling time, and meat quality.
The turbulence intensity used at the inlet of the computational
domain was 45% (estimated value assuming high turbulence intensity).
The choice of the values was made based on the range of practical
working conditions that were reported in slaughterhouses. The
reported cooling air velocity was in the range of 0.3–5 m s−1, and
cooling air temperature was in the range of −30 to 4C (James &
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Bailey, 1989; Kuffi et al., 2016; Mirade et al., 2002; Mirade &
Picgirard, 2001; Pham, Trujillo, & McPhail, 2009b; Trujillo & Pham,
2006). Around the 3D virtual CAD carcass model, a fluid domain with
dimensions of 5.5 x 6 x 15 m3 was constructed. The domain was
assumed large enough to avoid the unrealistic boundary effect around
the single carcass and was about five times larger than that of the car-
cass domain (Kuffi et al., 2016).
Cooler
After precooling, the carcass continued to cool using a conventional
cooler, where horizontal airflow over the carcass is assumed at low air
velocity. The initial condition for the conventional cooling stage is the final
condition of precooling simulations which varies according to the differ-
ent precooling condition combination. The conditions in the cooler were
0.58 m s−1, 2.3C and turbulence intensity of 45%, according to mea-
surements of Kuffi et al. (2016) that was conducted inside a cooling room
loaded with a single beef carcass side. The conditions around the carcass
in a fully loaded cooling room are more likely different from these values;
to apply the model to fully loaded cooling rooms is a potential next step.
The basic elements are provided in this article.
2.2.3 | Model parameters
Average thermophysical properties were calculated based on average
carcass composition. Assuming 75.2% lean meat, 12.3% fat, and
12.5% bone, on a weight base, and the corresponding values of car-
cass density, heat capacity, and thermal conductivity were
1,080 kg m−3, 3,320 J kg−1C−1, and 0.41 W m−1C −1, respectively
(Kuffi et al., 2016). Kuffi et al. (2017) measured the pH change of the
beef carcass during cooling and fitted the data to the kinetic models
of the glycolysis (Equation 2) and calculated the relevant kinetic model
parameters. The values are given in Table 1.
2.2.4 | Solution procedure
The computational domain, consisting of the solid carcass and sur-
rounding air domains, was meshed accurately. After conducting a
mesh sensitivity study, a mesh size of 0.625 mm near the surface of
the carcass was selected. At the surface, five layers of prismatic ele-
ments were defined, which was inflated toward a larger tetrahedral
mesh size away from the carcass surface. The total number of
elements was up to 2.4 x 107 in the whole computational domain. The
mesh sensitivity study was conducted by analyzing the change in
predicted surface-averaged heat transfer coefficient values with
respect to the change in mesh size and the grid independent solution
was determined by Richardson extrapolation. More details about the
mesh sensitivity study can be found in Kuffi et al. (2016).
As proposed by Zehua and Sun (2000), for the precooling and
cooling stages, the calculations were conducted in three steps. First, a
steady state CFD simulation was conducted to predict the cooling air
velocity distribution. Second, heat transfer coefficients were deter-
mined from the solutions of these steady simulations with a constant
carcass surface temperature condition. Third, a transient heat conduc-
tion model was used to predict the cooling characteristics inside the
carcass only by applying the predicted heat transfer coefficient values.
The CPU time of calculation was more than 3.5 days on a 2 x
2.30 GHz (two processors, eight cores) with parallel computing using
a time step of 100 s. A high resolution advection scheme was applied.
This simulation approach reduced computational time for the com-
plete optimization study.
FIGURE 2 Three-dimensional computational domain and boundary
conditions for precooling simulations. The dimensions are not to scale.
U (m s−1) is inlet velocity whose value varies, TI turbulence intensity
Tinlet, Twall, and Topening (K) are equal to the cooling air temperature
whose value varies as well
TABLE 1 Parameter values of the kinetics model of beef carcass
glycolysis (Kuffi et al., 2016, 2017)
Parameter Value
Vmax,ref (mol m
−3 s−1) 0.0026
Ka (mol m
−3) 5.7
Km (mol m
−3) 0.6
BC (mol m−3 pH unit−1) 55.1
Ea (kJ mol
−1) 57
[Gi] (mol m−3) 82
pHi 7.2
Note. [Gi] and pHi are values of initial glucose concentration and pH,
respectively.
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2.2.5 | Output parameters
Energy consumption, weight loss, cooling time, and heat shortening
duration were the output parameters that were used in the optimiza-
tion study. The energy consumption took into account the power of
the refrigeration compressor and the air circulation fans. The energy
consumption of the compressor is equal to (Cleland, 1994; Evans
et al., 2014):
Ec =
He Tc−Teð Þ
Te + 273ð Þ 1−γxð Þaηc
ð10Þ
where Ec (W) is the cooling power of the compressor, He (W) is the heat
load on the evaporator, Tc (C) is the condensing temperature of the
refrigerant, and Te (C) is the evaporating temperature of the refrigerant,
x is fraction vaporization on expansion, γ and a are empirical constants
that depend on the type of refrigerant and compression/expansion
stages, and ηc is the total efficiency of the compressor (taken as 0.8). For
R717 (ammonia) and single stage compression, the values of γ and a are
1.11 and 1, respectively (Cleland, 1994). The condensing temperature (Tc)
of the refrigerant was appoximated as the environmental air temperature
(20C) plus 5C and the evaporation temperature of the refrigerant (Te)
was taken as the inlet temperature of the cooling air minus 5.5C
(Schoen, 2013). x was calculated using equations that was presented in
Cleland (1994), for R717:
x=0:00376 1+0:00012Tc + 0:00273Teð Þ Tc−Teð Þ ð11Þ
The corresponding values of x for the precooling air temperatures of
0, −15, and −30C were 0.11, 0.16, and 0.20, respectively. To calculate
the heat load (He) on the evaporator, the refrigerant was assumed to be
saturated liquid and vapor at the exit of the condenser and evaporator,
respectively. The enthalpy data was taken from enthalpy-pressure table
of R717 (ASHRAE, 2009). The accuracy of Equation (10) was reported to
be around ±3%. The normalized compressor power (normalized with the
maximum) consumption is given in Table 2. This optimization study
assumed a perfectly insulated and closed system where the heat loss
through the walls and doors of cooler was neglected, and the compressor
was assumed towork on constant operation cycle time.
Fan power is the power consumed by fans for circulating air; fan
power was calculated using the following relationship (Shim, Song, &
Wang, 2014):
Ef =
HpQ
ηf
ð12Þ
where Ef (W) is the power consumption of the fan, Hp (Pa) is the pres-
sure head of the fan, Q (m3 s−1) is the air flow rate, and ηf is the total
efficiency of the fan. Using the fan law, the ratio of the power
consumption of the fan at two different cooling air velocities is equal
to the cube of the velocity ratio (Ef2 =
Ef1
ηf
V2
V1
 3
), where Ef1 and Ef2 are
the power consumption of the fan for air velocity of V1 and V2,
respectively. The normalized fan power (normalized with the maxi-
mum) consumption is given in Table 3. This study was conducted
using a single carcass side by assuming an ideal situation where the
effect of the surrounding carcasses on airflow and heat transfer was
neglected. It is known that the actual power consumption of refrigera-
tion and fan is effected by the amount of loading. As far as the loading
is fixed, the normalization method that was applied in this study could
be used to compare the relative impact of the different carcass cool
room operation parameters.
Susceptibility to muscle shortening for each precooling condition
was predicted based on the assumption that shortening does not occur
when the pre-rigor muscle temperature is between 12 and 35C when
themuscle pH reaches 6 (Thompson, 2002). Here, we expressed the time
that the inner (18 cm from the surface) and outer (2 cm from the surface)
hindquarter muscles were in the corresponding shortening conditions as
ameasure for susceptibility to shortening. In line with the validatedmodel
that was applied (Kuffi et al., 2016), the hindquarter section of the carcass
was the basis of this study, as this is also the region where quality defi-
ciencies can be observed. The difference in cooling characteristics
between the hindquarter and forequarter regions of the carcass was not
that large, the slowest cooling section in the forequarter region was only
0.6C higher than the slowest cooling section in the hindquarter region
after a cooling time of 48 hr. Weight loss was the total weight of evapo-
rated water until the temperature at 18 cm from the surface of the car-
cass reached 7C. Cooling time was taken as the time required to cool a
muscle at 18 cmdeep in the hindquarter to 7C.
2.2.6 | Optimization study
The optimization study was carried out to identify optimum operating
conditions for different precooling practices. The precooling practices
were categorized based on the weight given to the output objectives
(energy consumption, weight loss, cooling time, and heat shortening
duration) during the cooling operation.
For the purpose of balancing the magnitude and unit differences,
each output variable F was normalized as (Chiandussi et al., 2012):
Fn =
F p1,p2,p3ð Þ−F p1,p2,p3ð Þmin
F p1,p2,p3ð Þmax −F p1,p2,p3ð Þmin
ð13Þ
where p1, p2, and p3 represents the input variable combination (air
temperature, air velocity, and precooling time) and Fn is the normal-
ized value of the function. Different combinations of air velocity
(0.58, 5, 10 m s−1), air temperature (0, −15, and −30C) and
precooling time (2, 4, and 6 hr) were considered. The following objec-
tive functions φj (weighted impact function) were then minimized
using linear combinations of the given weight (wij; Chiandussi
et al., 2012):
TABLE 2 Normalized compressor power consumption (normalized
with the maximum value) as a function of precooling air temperature
and precooling time duration
Precooling air
temperature (C)
Precooling
time (hr)
Normalized compressor
power consumption
0 2 0.15298
4 0.30595
6 0.45893
−15 2 0.24041
4 0.48081
6 0.72122
−30 2 0.33333
4 0.66667
6 1.00000
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φj =
X5
i=1
wijFni ð14Þ
where wij is the weight given to the output variable as shown in
Table 4. i indicates the output variable (compressor energy consump-
tion; fan energy consumption; weight loss; heat and cold shortening
duration, and cooling time); and j represents the different scenarios
for the objective function (equal weight for all outputs or aimed at
saving energy, maximizing quality, or maximizing cooling rate) as
shown in Table 4. The output parameters were related through its
weight values that were given by the operator depending on the
importance of the output variable. The individual weight of the heat
and cold shortening duration was half of the combined value that was
given in Table 4.
3 | RESULTS
3.1 | Carcass temperature during cooling
The study analyzed the effect of precooling air flow rate and temperature
on the cooling rate of the carcass. There was a considerable difference in
cooling rate between the region that was near to the surface of the car-
cass hindquarter (2 cm from the carcass surface) and the center (18 cm
from the carcass surface; Figure 3). The two depth positions were posi-
tioned that represent the fastest and slowest cooling parts of the carcass,
respectively. At 2 cm from the carcass surface, there was a continuous
decrease in temperature at the slaughter house and precooling sections.
But at 18 cm from the surface of the carcass, initially there was an
increase in temperature that was due the relatively high heat generation
of the carcass. As carcass transferred from the precooling to the conven-
tional cooler, initially there was an increase in temperature at 2 cm from
the surface of the carcass, this was due to the heat conduction from the
relatively warm interior (near center) region of the carcass. For a given
precooling air velocity, the highest increase in near surface temperature
was observed during the lowest precooling temperature (−30C;
Figure 3b). Lowering the precooling inlet air temperature increased the
temperature drop of the carcass and its effect wasmore pronounced than
that of the increase in air flowrate. For a constant precooling air velocity
of 5 m s−1 and precooling time of 4 hr, changing the precooling air tem-
perature from0 to−30C decreased the half-cooling time at 18 cmdepth
from 22.8 to 17.5 hr (a reduction by 23.4%). For a constant precooling air
temperature of 0C and precooling time of 4 hr, increasing the precooling
air velocity from 0.58 to 10 m s−1 decreased the half-cooling from 23.5
only to 22.7 hr (a reduction ofmerely 4.4%).
During cooling of beef carcasses the heat flow experiences two types
of resistances, namely the resistance within the carcasses and the resis-
tance at the interface between the carcass and the air. The one that is
larger limits the cooling process and it is identified by calculating the Biot
number, Bi = Rc=λc1=hh . Bi expresses the value of internal thermal resistance
of carcasses as compared to the interface resistance, where Rc (m) is
the radius of the hindquarter and λc (W m
−1C−1) is the thermal con-
ductivity of the carcass and hh (W m
−2C−1) is the surface heat trans-
fer coefficient. For Bi <0.1, the heat transfer process is controlled by
convection. In this work, the minimum Biot number was 2.7, even for
the low cooling air velocity equal to 0.58 m s−1. The process was thus
controlled by the internal heat resistance of the carcass and heat con-
duction is the main heat transfer mechanism that controls the cooling
of large beef carcasses. This is the main reason of the observed domi-
nant effect of the cooling air temperature on carcass cooling rate
rather than the cooling air velocity.
A decrease of cooling air temperature increases the temperature gra-
dient for heat transfer from the interior of the carcass for the duration of
cooling while the change in cooling air velocity changes the surface heat
and mass transfer coefficients. As the air velocity increases, the predicted
surface averaged heat and mass transfer coefficient values increased
more or less linearly (Figure 4). The corresponding surface mass transfer
coefficient was calculated from the surface heat transfer coefficient using
Lewis analogy (Kondjoyan & Daudin, 1993; Kondjoyan, Daudin, &
Bimbenet, 1993; Kuffi et al., 2016). The effect of cooling air temperature
on surfacemass transfer coefficient wasminimal.
By analyzing the surface heat flux, it is clear that the dominant
heat transfer mechanism at the surface of the carcass was evaporative
cooling (Figure 5). The wet carcass surface was the main reason for
the relatively high evaporative cooling effect. The radiation heat flux
was relatively low and not presented in the figure. The increase in
convective mass transfer coefficient as a result of the increase
in cooling air velocity was the main reason for the sharp increase in
evaporative heat loss at the start of the precooling process. As cooling
proceeded, due to the relatively low temperature, there was a rela-
tively quick decrease in evaporative heat flux with time. For instance,
TABLE 3 Normalized fan power consumption (normalized with the
maximum value) as a function of precooling air velocity and
precooling time duration
Cooling air
velocity (m s−1)
Precooling
time (hr)
Normalized fan power
consumption
0.58 2 0.00007
4 0.00013
6 0.00020
5 2 0.04167
4 0.08327
6 0.12494
10 2 0.33328
4 0.66664
6 1.00000
TABLE 4 Weights of the output variables for different cooling
practices
F Equal Energy Quality
Cooling
rate
Compressor power 0.2 0.35 0.1 0.1
Fan power 0.2 0.35 0.1 0.1
Weight loss 0.2 0.1 0.35 0.1
Heat shortening
duration
0.2 0.1 0.35 0.1
Cooling time to 10C 0.2 0.1 0.1 0.6
Note.Weights were assigned to each output variable by assigning the level
of emphasis of a certain output variable to a certain objective during the
cooling process.
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for a precooling time of 2 hr with a cooling air temperature of −15C,
after 20 hr the cooling was dominated by the convection (Figure 5).
3.2 | Effect of operating parameters on beef carcass
quality
The predicted carcass quality parameters for different cooling air
velocities and temperature are summarized in Table 5. The prediction
shows that the weight loss of the beef carcass increased linearly with
velocity at a given air temperature and precooling time. The increase
in air velocity increases the mass transfer coefficient which increases
the evaporation flux. The weight loss decreased when air temperature
decreased at a given air velocity and precooling time. Relatively lower
air temperature decreases the surface temperature, which in turn
lowers the equivalent surface moisture content, and reduce the vapor
holding capacity of the air and driving force for convective moisture
transport. For a given air velocity and temperature, longer precooling
times generally increase weight loss.
The heat shortening risk is significant at deeper positions inside
the carcass hindquarter. The inner part of the biceps femoris muscle in
the hindquarter (18 cm deep) was subjected to heat shortening risk
for a minimum of 6.8 hr when the precooling air temperature was
−30C, with an air velocity of 10 m s−1 and precooling time of 6 hr.
The heat shortening risk period increases up to 8.8 hr when the air
temperature was 0C with an air velocity of 0.58 m s−1 and a
precooling duration of 2 hr. On the contrary, risk for cold shortening
was predicted to increase near the surface (2 cm deep) with a maxi-
mum duration of 13.5 hr when the air temperature is low, air velocity
high, and precooling long. The muscle at 2 cm depth freezes when the
air temperature is −30C for precooling times above 4 hr. Cold short-
ening incidence was avoided when the air temperature is 0C.
3.3 | Optimal conditions for different
slaughterhouse operation practices
3.3.1 | Equal weight for all outputs
In this case, equal weight was given to energy consumption, weight loss,
cooling time, and heat/cold shortening duration (Table 4). When all the
output variables are equally important, the relative impact of precooling
of large Belgian Blue beef carcasses in different conditions is given in
Figure 6. In this particular study, theminimal relative impactwas observed
using a cooling air velocity of 5 m s−1 and temperature of −30C, with a
precooling time duration of 4 hr. In this condition, the cooling time and
heat shortening were relatively short, the energy consumption and
weight loss were average,while the risk for cold shorteningwas high.
FIGURE 3 Predicted cooling kinetics of large beef carcass hindquarter at 18 (solid lines) and 2 cm (dash lines) depths using a precooling time of
4 hr using different air flow velocity and temperature; (a) constant precooling air temperature (0C) with varying air velocity, (b) constant cooling
air velocity (5 m s−1) with varying precooling air temperature
FIGURE 4 Predicted average surface heat (top) and mass (bottom)
transfer coefficient at different precooling air velocity
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3.3.2 | Minimize energy consumption
As shown in Figure 7, to minimize the energy consumption of the
slaughterhouse, the flow rate should be as low and the air tempera-
ture has to be as high as possible. Fan and refrigerator compressor are
the main units consuming energy in slaughterhouse. Thus running the
fan at relatively slow speed and operating the compressor at relatively
high precooling air temperature minimized the energy consumption.
The precooling temperature (0C) and low air velocity (0.58 m s−1)
FIGURE 5 Comparing the predicted convective and evaporative heat fluxes at different stages of the beef carcass cooling process for precooling
air velocity of 0.58 m s−1 (left) and 10 m s−1 (right), for a precooling time of 2 hr and precooling air temperature of −15C
TABLE 5 Effect of system operating parameters on beef carcass quality
Air
velocity
(m s−1)
Air
temperature
(C)
Precooling
time (hr)
Cooling time (hr) to
reach 10C at 18 cm
depth
Weight loss in % of initial
carcass weight predicted
after 48 hr postmortem
Heat shortening
duration (hr) at
18 cm deep
Cold shortening
duration (hr) at
2 cm deep
0.58 0 2 39.7 1.18 8.8 –
5 0 2 39.2 1.57 8.7 –
10 0 2 39 1.75 8.5 –
0.58 −15 2 39 1.09 8.5 –
5 −15 2 38 1.25 8 2.2
10 −15 2 37.7 1.51 7.7 2.3
0.58 −30 2 38.3 0.97 8.2 0.8
5 −30 2 36.7 1.13 7.5 6
10 −30 2 35.8 1.24 7.2 6.8
0.58 0 4 39.5 1.17 8.8 –
5 0 4 38.7 1.69 8.5 –
10 0 4 38.3 1.85 8.3 –
0.58 −15 4 37.8 0.99 8.2 1.2
5 −15 4 36 1.52 7.7 5.3
10 −15 4 35.3 1.79 7.5 6.3
0.58 −30 4 36.3 0.87 7.8 4.3
5 −30 4 31.8 1.32 7 9.7
10 −30 4 31.3 1.54 6.8 10.3
0.58 0 6 39.3 1.16 8.8 –
5 0 6 38.2 1.75 8.3 –
10 0 6 37.7 1.86 8.2 –
0.58 −15 6 36.7 1 8.2 1.3
5 −15 6 34 1.69 7.7 6.7
10 −15 6 32.5 1.94 7.3 8
0.58 −30 6 33.8 0.94 7.7 5.8
5 −30 6 27.7 1.42 7 12.2
10 −30 6 25.5 1.64 6.8 13.5
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conditions corresponded well to the condition in the cooler, such that
variations in precooling time did not affect total cost anymore. In this
condition, cooling time was more than 10 hr longer than in fast
cooling modes, and heat shortening risk was high. Weight loss was
average and cold shortening was not relevant. It was clear that for
other combinations, the shorter precooling times are better for saving
energy costs.
3.3.3 | Maximize meat quality
Beef eating quality encompasses several traits, among which tender-
ness and color are two important traits. The development of these
traits strongly depends on the incidence of heat and cold shortening,
and weight loss of the carcass (Table 5). To minimize problems related
to heat and cold shortening, the operation should be focused on
achieving a pH and temperature fall within the window of opportunity
and minimizing the occurrence of high temperature/low pH and low
temperature/high pH conditions, respectively (Thompson, 2002). Rel-
atively low precooling air velocity and temperature reduced the car-
cass moisture loss. The highest moisture loss was observed during the
initial cooling period. With an increase in cooling time, moisture loss
rate of the carcass diminished and reached to a very low level. This
effect can be seen from the evaporative heat flux result that is pres-
ented in Figure 5. Trujillo and Pham (2006) observed a similar mois-
ture loss trend during their carcass cooling study. Figure 8 shows the
results of the optimization study by giving more weight to the quality
outputs. The result indicated that the optimum condition for minimiz-
ing the incidence of heat and cold shortening and moisture loss was
by operating the precooling process at relatively low cooling air tem-
perature (−30C) and velocity (0.58 m s−1) with precooling time of
4 hr. There was a lower risk for heat shortening, average energy con-
sumption and minimal weight loss. The cold shortening risk period
was relatively short. In this condition, the cooling time was still
relatively long.
3.3.4 | Maximize cooling rate
To operate the slaughterhouse at the shortest cooling time, obviously
low air temperature, high air velocity, and long precooling times gives
minimum condition (see Figure 9). When the cooling rate was the
most important output variable, the minimum relative impact was
observed with a precooling air velocity of 10 m s−1 and temperature
of −30C, respectively, and precooling time of 6 hr. The energy con-
sumption was the highest, weight loss was relatively high, the heat
shortening period was minimized and cold shortening maximized.
3.4 | Discussion
A common feature of the optimal precooling condition for most inves-
tigated scenarios was a low temperature (−30C), except for the pure
energy saving target. Such relatively low temperature operation could
increase the risk of cold shortening and freezing. It has been reported
that cold shortening is affected by the rate of cooling or freezing.
More than 40 years ago, Bendall (1974) proposed a slow cooling of
the carcass to avoid cold shortening (carcass temperature should not
be less than 10C sooner than 10 hr post mortem). In later years, how-
ever, researchers presented results that showed the advantage of
cooling with freezing temperature and at fast rate to minimize the
cold shortening effect of the carcass. According to Davey and Garnett
(1980), by freezing lamb carcasses very rapidly in less than 4 hr post-
mortem, the cold shortening effect was prevented. The cooling was
done using cooling air temperature of as low as −40C and velocity of
5 m s−1. The study assumed that such freezing can have a positive
effect on tenderness as the surface becomes hard and the muscle tis-
sue resists the cold shortening process. The study from Joseph (1996)
confirmed the previous result of Davey and Garnett (1980) and
advised very fast freezing to prevent cold shortening. The study
suggested that a combination of proteolysis and crust freezing can
minimize the cold shortening effect and produce tender beef.
The relatively low temperature precooling conditions could have
operational challenges that should be addressed, such as condensa-
tion and frost formation in the coolers, carcass hygiene issues when
overhead drips take place from the ceiling and rail equipment onto the
carcasses. Condensation of moisture on the cooler structures is one
of the major problems of carcass cooling process by contaminating
the meat due to the dripping of the condensate (Husband, 1980).
FIGURE 6 Total relative cost minimization of cooling of a Belgian Blue beef carcass with equal weight for the normalized cost variables for a
precooling time of 2, 4, and 6 hr
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FIGURE 7 Total relative cost minimization of cooling of a Belgian Blue beef carcass with more weight for the energy consumption than for the
other normalized cost variables for precooling time of 2, 4, and 6 hr
FIGURE 8 Total relative cost minimization of cooling of a Belgian Blue beef carcass with more weight for eating quality than for the other output
variables for precooling time of 2, 4, and 6 hr
FIGURE 9 Total relative cost minimization of cooling of a Belgian Blue beef carcass with more weight for rate of cooling than for the other
output variables for precooling time of 2, 4, and 6 hr
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Water vapor condensation can be minimized by maintaining the
cooler temperature above the dew point of the cooling air and by
avoiding the infiltration of the relatively warm and moist outside air to
the cooler. The impact of the fast cooling on the color of the meat is
another issue that should be taken into consideration. It has been
reported that extreme fast cooling (7 and 10 hr at −35C) resulted in
darker meat color (Aalhus et al., 2002). The study observed an
increase in drip loss at retail due to such extreme fast cooling.
Velocity was not a critical factor for the cooling process, because the
cooling is dominated by the internal conduction resistance. Both for
energy saving and overall meat quality, a low air velocity was found more
optimal. Only for fast cooling, it was advised that high air velocity during
precooling has an added effect to low temperature, and is associatedwith
a low risk for heat shortening but high weight loss. If quick drying of the
surface would be targeted, high velocity with higher temperature is more
appropriate. At positive temperature, moisture capacity of air increases
and collection and removal of condensate is easier.
However, in the investigated scenario of meat quality maximiza-
tion low weight loss was targeted. The optimal condition was low
velocity and low temperature, leading to a reduced heat shortening
period and low weight loss. Still the cooling was associated with rela-
tively long cooling times. Pastsart, De Boever, Lescouhier, and Claeys
(2011) reported hot boning as an appropriate solution for fast cooling
of double muscled Belgian Blue beef carcass in avoiding heat shorten-
ing and increasing the color stability of the meat.
The optimum operation conditions in the carcass cooling process
depend on the nature of the cost variable that needs to be minimized,
either the energy consumption, the quality or the cooling time. The
study showed the potential of CFD modeling in optimizing the opera-
tion of beef carcass precooling process. This optimization study was
conducted on one carcass placed in the precooler at a time, the
approach can be extended to the cooling process of multiple car-
casses. Studying the cooling of multiple carcasses can give a better
insight of whether the position of the carcass in the precooler has an
effect on cooling rate as the air velocity distribution in the precooler
can vary from one position to another.
The optimizationmethod based on the relative impact value that was
used in this study can be applied to make a decision on the selection of
the optimum carcass cooling operation parameters depending on the
need of the operator. It was complex to do the optimization based on the
true economic value of all output variables that were considered in this
study. It is difficult to get the real quantitative cost value of the quality
variables, such as heat and cold shortening. It is possible to qualify the true
economic value of cooling power and weight loss. Gigiel and Collett
(1989) compared the economic value of cooling power consumption to
carcass moisture loss, the value of the carcass weight loss was 20 times
higher than the cooling power cost. Based on this article, the approach
was applied to determine the optimum operating condition by assigning
weight values (wij) of 0.95 for carcass weight loss, 0.05 for energy con-
sumption, and 0 for the other output variables. The optimum operating
conditionwas precooling time of 4 hr and cooling air velocity and temper-
ature of 0.58 m s−1 and −30C, respectively. This optimum operating
condition was the same as the condition that was found when more
weight was given to all carcass quality parameters (Figure 8) but with
lowerminimum relative impact value (0.02 compared to 0.23).
3.5 | Conclusion
The effect of variations in precooling air temperature, air velocity, and
cooling duration on energy consumption, cooling time, weight loss, heat
shortening, and cold shortening during beef carcass cooling process was
investigated using a validated CFDmodel. Simulationswere conducted to
identify the effect of the system operating parameters on the cooling
characteristics and quality of the carcass. Then optimization was done by
varying air temperature, air velocity, and precooling duration for the pur-
pose of the assessment and optimization. Air temperature and precooling
duration have more effects on the cooling time, weight loss, and heat
shortening duration than air velocity. High air velocity increased energy
consumption and evaporation loss.
Low temperature was found to be the optimum operation condi-
tion for most of the cooling practices considered in this study. How-
ever, the cost for implementing an evaporator with large surface and
building the precooler room that works well for such low temperature
condition, for instance, need to be compared with the revenues that
can be obtained. The formation of condensation in the coolers when
overhead drips take place from the ceiling and rail equipment onto the
carcasses, can affect the hygiene condition of the carcasses thus need
to be addressed as well. The impact of fast cooling on meat color is
another issue that needs to be considered as color is the first impres-
sion that the consumers have for purchase decision.
The study indicated that optimum operation conditions in slaughter-
house depend on the nature of the impact variable that the operator
wants to minimize and is a trade-off between adverse effects on energy
use and quality. Such comprehensive CFDmodel is capable of identifying
the optimum operating condition of beef carcass cooling systems and the
approach can be extended to the cooling of fully/partially loaded systems
and other carcass types.
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